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I. INTRODUCTION
T HE multiple-input-multiple-output (MIMO)-based LTE technology will be used in the next generation of communication-based train control systems in Shanghai subway to achieve the reliable and stable train-ground communication.
Needless to say, a full understanding of the MIMO channel is mandatory for the deployments of LTE systems in subway tunnels. As we know, the channel study of straight tunnel has been relatively mature. The pioneer paper [1] showed that the waveguide effect in straight tunnel can narrow the angular spread and increase the channel correlation. In modal theory [2] , because the attenuation of high-order mode is faster than the dominant mode, the rank of channel matrix is reduced. The other research works also focus on antenna properties [3] and antenna placement optimization [4] , but the corresponding conclusions in straight tunnel cannot be one-size-fits-all. It is well known that subway contains curved parts, and the train will keep communicating with base station when passing through curved tunnel while the channel research works of curved tunnel are backward and have only considered single antenna [5] , [6] . Some particular phenomena have been found, like the wave energy concentrated on the outer arc [5] and the higher drop rate of received power in curved tunnel [6] . Considering the lack of MIMO research and the practical demand, our study focuses on the effects of curved subway tunnel on MIMO channel. The main contribution of this letter is to highlight the effects which are caused by curved tunnel in terms of channel correlation, capacity, and singular values. For the sake of safety and normal operation, it is difficult to perform the measurement work in curved tunnel which is in the state of business or under construction while ray-tracing-based simulation provides a reference to the scientific and engineering community in a flexible and fast way. The parametric study and horizontal comparison are also given to support our investigation. Some results agree with the measured conclusion in other papers from qualitative point of view. The tunnel curvature, receiver position, and antenna dimension have been considered in our simulation. So we first build two scenarios with different curvatures, and then each scenario has been subdivided into two subcases according to different receiver positions. First subcase is the receiver receiving waves in curved tunnel and the second one is the receiver receiving waves after curved tunnel. One reason for setting the first subcase is that the channel correlation is affected by local scattering environment. So we want to understand how the curved tunnel directly influences the correlation in receiver. The other reason is that in [6] the drop rate of received power in curved tunnel is higher than the one in straight tunnel, so we want to get a further understanding of the effect of this property on the channel capacity under constant transmit power. The reason for setting the second subcase is that both the transmitter and receiver stay in straight tunnel and only the curved tunnel is used as the intermediate channel, so it allows us to investigate whether the occurrence probability of keyhole effect in curved tunnel is lower than that in straight tunnel without the influence of local scattering environment. This idea is inspired by [7] . Different antenna configurations including 4 × 4 and 2 × 2 have been considered. In addition, we present some heuristic interpretations for the findings which are caused by the peculiarities of curved tunnel. This letter is organized as follows. Section II describes the simulation setup and analytical approaches. The results comparisons and discussions are given in Section III. In Section IV, we summarize our work.
II. SIMULATION SETUP AND ANALYTICAL APPROACH

A. Tunnel Modeling and Simulation Setup
We build two rectangular curved tunnels which have the same dimension (W: 4.725 m, H: 5.06 m, L: 700 m) but with different radii (500 and 300 m) and marked as Case I and Case II, respectively. The cross-section dimension is according to the Shanghai Line 11 subway. Fig. 1 Fig. 1(c) , which has the same sections except that the S2 is straight for comparison. Both in Case I and Case II, there are two subcases. The first subcase is the receiver path along S2 called RCI/II, and the second subcase is the receiver path along S3 called RSI/II. The explanations for this subdivision have been demonstrated in Section I. The Ref also includes two corresponding receiver paths labeled as RSR1 and RSR2. The transmitting antenna arrays labeled as TSI, TSII, and TSR are fixed in the center of cross section of S1 and 10 m apart from the entry of S2 as symbol "X." The receiving antenna arrays are marked with dots. In straight tunnel, the uniform linear antenna arrays both in transmitter and receiver are perpendicular to the central line. In curved tunnel, the receiving antennas are parallel to the radius direction of arc. The length of RCI/II is 390 m from the entry of S2 to its end. The length of RSI/II is 100 m from the end of S2 to S3. In Ref, both the RSR1 and RSR2 have corresponding length but they are all straight.
In contrast with waveguide model which works better under the assumption of regular scene such as straight tunnel, raytracing is more suitable for irregular scene, like curved tunnel. The spacing of antenna elements both in 4 × 4 and 2 × 2 MIMO simulations is 1 m (6 λ) in transmitter and 0.5 m (3 λ) in receiver. Also the spacing of antenna elements which is 3 m (18 λ) in transmitter and 1.5 m (9 λ) in receiver is considered in the 2 × 2 MIMO simulation. The vertical polarized antennas are used in transmitter and receiver. It is the static simulation for each position, and the channel matrices are computed at 1 m interval. The tunnel material is set with permittivity and conductivity which is equal to 10 and 0.01 S/m, respectively. The maximum number of reflection is 10. The carrier frequency is 1.8 GHz, and the bandwidth is 10 MHz. The transmitted power is equally allocated to each transmit element with 10 dBm. In the receiver, the average noise is -94 dBm.
B. Analytical Approach
Channel capacity, under the constraint that the transmitter has no channel state information and the transmitted power is equally allocated to each transmit element, can be expressed as
where H is N × M channel matrix, and ρ is average signal-tonoise ratio (SNR). When constant SNR is assumed, it allows emphasizing the effect of channel change on the correlation and thus the change in path loss with distance is removed. So the complex H-matrix can be normalized by its own Frobenius norm as follows:
where ||.|| F denotes Frobenius norm and H, N Rx , N Tx are channel matrix, number of R x antennas, and number of T x antennas, respectively. In reality, the transmitted power is fixed, and the average SNR at receiver for each channel realization changes with variation of received power. The singular value of channel matrix can be linked to the subchannel power. If the ratio between maximum and minimum singular value become larger, the H-matrix will degenerate and the high capacity cannot be guaranteed.
III. SIMULATION RESULTS
Due to space constraints, 4 × 4 MIMO channel properties have been discussed in detail in Sections III-A and III-B. In Section III-C, 2 × 2 MIMO channel has been analyzed in channel capacity.
A. Receiver Path in Curved Tunnel
In this scenario, the receiver path is in the curved tunnel S2. Correlations between receiver antennas which are averaged in RSR1, RCI, and RCII are illustrated in Fig. 2(a) . In curved tunnel only the correlation between adjacent antennas is smaller, the others are larger than that in straight tunnel. Fig. 2(b) shows the capacity cumulative distribution function (CDF) of whole path in RSR1, RCI, and RCII at a constant SNR of 10 dB. All curves are very close to each other, and the mean capacities listed in Table I are all 10.7 bits/s/Hz. We further calculate the received power averaged in the whole path for each subchannel to explore the possible reasons which lead to the above results. The normalized average received power for each of the 16 subchannels in RSR1, RCI, and RCII is depicted in Fig. 2(c) . In RSR1, the average received power has a gentle fluctuation around 0 dB without downward trend, but in RCI and RCII, it monotonically decreases around 0 dB. This result indicates that the wave energy is mainly concentrated on the outer arc of curved tunnel. This phenomenon also agrees with the conclusion in [5] . The nonuniformity of received power among subchannels degenerates the channel matrix and reduces the spatial diversity gain. Fig. 3(a) demonstrates that the dispersion of singular values is a bit larger in curved tunnel. In addition, the wave energy concentrated on the outer arc indicates that the arrival direction of most waves changes from paralleling to the broadside of antenna array to paralleling to the central line of antenna array. It is similar to the fact that the correlation will increase if the antenna array is parallel to the central line of straight tunnel [1] . The fixed transmitted power is considered in reality, so the SNR in receiver will change with received power. Curves in Fig. 3(b) give the total received power versus distance in RSR1, RCI, and RCII. At the beginning, the received power is a bit higher in RCI and RCII, but it almost keeps monotonically decreasing and is lower than that in straight tunnel after 280 m. Meanwhile, the received power in straight tunnel (RSR1) has a gentle decline after 100 m due to the waveguide effect. The result about the drop rate of received power being higher in curved tunnel agrees with the conclusion in [6] . Capacity CDF curves of whole path are shown in Fig. 3(c) . It is higher in curved tunnel, but it has a large dispersion, so the curves cross at 47.5 bits/s/Hz. According to the change of received power mentioned above, we give the capacity in Table II which is separately averaged in two areas distinguished by 280 m. Compared with straight tunnel, the capacity averaged in the whole path is a little higher in two curved tunnels, and it is much more in the area before 280 m. After that, they have a sharp drop of about 8.8 and 10.7 bits/s/Hz in small and large curvature tunnel, respectively, but there is only a 1.5 bits/s/Hz loss in straight tunnel. So a rapid decline in the performance of MIMO system may occur in curved tunnel.
B. Receiver Path After Curved Tunnel
In this scenario, the receiver path is from the end of S2 to S3. Fig. 4 (a) presents a significant improvement of correlation in the receiver when the waves propagate through the curved tunnel and the result is proportional to the curvature. The mean amplitude of each singular value is shown in Fig. 4(b) . Note that, if the waves pass through the straight tunnel, the third and fourth singular values have lower amplitude, but an improvement of this distribution is observed with the wave passing through the curved tunnel and proportional to the curvature. Assuming the SNR equals to 10 dB as before, the capacity CDF curves of RSI and RSII are plotted in Fig. 4(c) . The mean capacity given in Table III increases from 9.66 bits/s/Hz in RSR2 to 10.11 and 10.62 bits/s/Hz in RSI and RSII, respectively, but the opposite phenomenon is found in Fig. 5(a) , which is under fixed transmitted power. The reason is that the receiver path is in the area after 280 m, as described in Section III-A and shown in Fig. 5(b) , the received power after 280 m in curved tunnel is less than the one in straight tunnel. So is the SNR in receiver. The mean channel capacities in fixed transmitted power conditions are listed in Table IV . Due to the asymmetry, it is not easy to form the keyhole effect in curved tunnel, but in reality, channel capacity depends on the SNR. Tables I-IV . In the first subcase, similar with 4 × 4 MIMO, the capacity in curved tunnel is not improved significantly under the constant SNR but increasing with larger antenna spacing, as shown in Table I . The effect of antenna spacing on the channel capacity of overall path is not obvious under the constant transmit power, but in curved tunnel, the decline of capacity after 280 m is smaller with larger antenna spacing, as shown in Table II . In the second subcase, there is an increased capacity with larger curvature and antenna spacing under the constant SNR, as listed in Table III. While in  Table IV , the capacity will decrease with larger curvature under the constant transmit power. However larger antenna spacing is helpful to improve the channel capacity, and it is proportional to curvature.
IV. CONCLUSION
A simulation investigation supported by the parametric and horizontal study was carried out in order to demonstrate the particular influence of curved tunnel on MIMO channel. By the study of 4 × 4 MIMO, we have seen that channel capacity cannot be improved when the receiver is in the curved tunnel. The received power in curved tunnel is a bit higher, but the drop rate is greater than the one in straight tunnel. So under the constant transmit power, the capacity is higher in the beginning of curved tunnel but has a sharp decline. Thus, the attention should be paid to the service which is sensitive to the transmission rate. When curved tunnel is used as the intermediate channel, the correlation and capacity can be improved and are proportional to the curvature under the constant SNR. However, in the case of fixed transmitted power, due to the greater power loss caused by curved tunnel, the capacity decreases with the increase of curvature, which balances the positive effect of a decrease in correlation. The 2 × 2 MIMO has a similar result. Moreover, by increasing the antenna spacing, the channel capacity can be improved and the decreasing rate of capacity can be slowed down.
